To overcome the ensemble-averaging barrier, single-molecule experiments have been performed, but energy landscapes comprising multiple intermediates have not yet been defined. We performed mechanical unfolding of staphylococcal nuclease using intermolecular force microscopy, modified AFM with high resolution and feedback control of the positioning. The force dropped vertically just after its peak, and multiple transition states were detected as force peaks. The multiple and stochastic intermediates found in the present study provide new important information on protein folding.
Protein folding mechanism is one of the main subjects in the post-genome era. The folding kinetics and conformational changes of various proteins have been characterized by spectroscopic techniques. Recently, folding funnel theory has indicated multiple intermediates and pathways on rugged energy landscape. [1] [2] [3] [4] To elucidate multiple pathways and intermediates, it is important to detect the energy landscape experimentally. However, ensemble averaging makes it difficult for experiments to accurately probe the energy landscape.
To detect intermediate states in protein folding, many singlemolecule experiments, such as mechanical unfolding by AFM or optical tweezer, [5] [6] [7] have been performed. However, only one or two mechanical intermediates have been detected by singlemolecule experiments. [8] [9] [10] [11] [12] [13] [14] Here, we have detected multiple intermediate states in the mechanical unfolding of staphylococcal nuclease (SNase) using intermolecular force microscopy (IFM), modified AFM with high resolution and with feedback control between the position and the force. 15, 16 Single protein molecules were extended with a constant velocity by controlling the end-to-end distance.
Experimental
Intermolecular force microscopy (IFM) was based on previous studies. 15, 16 Both the N-and C-termini of SNase were mutated to Cys (A1C/Q149). A gold-coated glass substrate was prewashed with 0.1 M KOH, rinsed with water, and fixed on a sample chamber. The 10 mg/ml mutant SNase in a buffer (50 mM NaCl and 10 mM HEPES, pH 7.4) was deposited onto a gold-coated glass substrate to chemisorb the cysteinyl residue of the protein. After 5 min of incubation, any unabsorbed protein was washed away with the buffer. Longer incubation caused too dense absorption to detect any single-molecule extension. A gold-coated cantilever was driven up and down by controlling the power of the position control laser to catch and extend the protein molecule. All experiments were carried out at 27˚C. We used only data fulfilling a criteria for single-molecule detection, extension signal was observed in less than a few percentage of the trials. Experimental data were processed with a Butterworth filter (cutoff width of 2 nm) on a personal computer for noise reduction.
Results and Discussion
We performed mechanical unfolding of single molecular staphylococcal nuclease (SNase) using a modified AFM "Intermolecular Force Microscopy (IFM)". To detect ultrafine structural forces, a high resolution of force as well as high accuracy in controlling the probe position is required. IFM has achieved a force resolution of subpico-newton using very flexible hand-made cantilevers (approximately 0.1 pN/nm). The probe position is controlled with nanometer accuracy using a feedback system, which uses laser radiation pressure to reduce the thermal fluctuation of the cantilever. SNase, a model protein for folding studies of 149 amino acids (16 kDa) [17] [18] [19] [20] with termini on opposite sides, 21 was bridged between a substrate and the tip of the cantilever according to previously published methods. [22] [23] [24] The native SNase has no disulfide bonds nor cystein residues. The SNase molecule was stretched by pulling up the cantilever tip at a constant rate, and direct control of the end-to-end molecular distance allowed stretching to be achieved under conditions close to equilibrium, that is, quasi-statically (Fig. 1) .
Force-extension curves of SNase were composed of one or two peaks at various distances (Fig. 2) . The force dropped vertically just after its peak. This rapid response to a changing force reflected direct control of the extension and constant-rate stretching. By contrast, force-extension curves from previous single-molecule studies showed force drops with slopes, which decreased the resolution. A force peak appeared in the extension curve when a trajectory crossed an energetic barrier on an energy profile. This suggests that the force peaks correspond to transition states for unfolding.
The distribution of the end-to-end distance of the peaks showed 6 peaks, indicating multiple intermediates (Fig. 3) . The fact that only some of the transition states emerged stochastically in each trial is a distinguishing feature of the single-molecule detection of unfolding processes. The peaks correspond to breaks of substructures in the multiple intermediate states.
These were due to direct control of the extension, which could be achieved by molecular-force microscopy, whereas previous ensemble-averaging studies detected the molten globule state as an intermediate of the three-state transition scheme (folded, intermediate and unfolded states). This indicates the disadvantages of ensemble-averaging research in probing energy landscapes, whereas single-molecule experiments can define them.
The stochastic appearance of multiple force peaks might be explained as energy landscape theory. For example, if individual unfolding trajectories stochastically take heterogeneous pathways through some multiple intermediates on a complicated rugged energy landscape, multiple force peaks emerge stochastically at crossing transition states. Thus, the present force detection microscopy, which follows the energy landscape, enables researchers to link experiments to theory directly.
Conclusion
In the present study, we unfolded single molecules of staphylococcal nuclease by constant-rate mechanical stretching with a feedback positioning system. The system enabled us to perform force measurements close to equilibrium, in other words, quasi-statically. Instantaneous force dropping and multiple intermediates were detected stochastically, which reflect the ruggedness of the energy landscape. Thus, the present approach opens new avenues to protein-folding research. 
